High-purity AlPt thin films prepared by self-propagating, high temperature combustion synthesis show evidence for a new rhombohedral phase. Sputter deposited Al/Pt multilayers of various designs are reacted at different rates in air and in vacuum, and each form a new trigonal/hexagonal aluminide phase with unit cell parameters a = 15.571(8) Å, c = 5.304(1) Å, space group R-3 (148), and Z, the number of formula units within a unit cell, = 39. The lattice is isostructural to that of the AlPd R-3 lattice as reported by Matkovic and Schubert (Matkovic, 1977) . Reacted films have a random in-plane crystallographic texture, a modest out-of-plane (001) texture, and equiaxed grains with dimensions on the order of film thickness.
I. INTRODUCTION
The equilibrium phase formation and thermodynamics of the Al-Pt binary system have been investigated thoroughly in the past. McAlister and Kahan have completed an extensive review of previous experiments (McAlister, 1986) ; a phase diagram from their work is shown in Figure 1 . Although some questions remain regarding AlPt 2 and the low temperature form of AlPt 3 , the equilibrium phases of Al-Pt are well studied. Various intermetallics are identified in the phase diagram as summarized in Table 1 . Of interest to current work, there are two reported solid phases having a stoichiometry of ~1:1. This includes an equilibrium phase AlPt having a cubic FeSi-type structure and Pearson symbol cP8 (Ferro, 1963; Schubert, 1956) . Studies confirm that this phase has nil solubility about 50 atomic % Pt; at this composition the liquidus is 1554 o C. A hightemperature β phase isomorphous with NiAl has also been reported to be stable above 1260 o C. (Bhan, 1978; Chattopadhyay, 1975) The β phase forms across a limited compositional range from ~52 to ~56 at. % Pt. There are a number of Al-rich and Pt-rich phases. Off a ~1:1 stoichiometry, phases include: a cubic Al 21 Pt 5 phase with nil solubility, a tetragonal Al 21 Pt 8 phase with nil solubility, a cubic Al 2 Pt phase with a solubility of ~ 1 at. %, a hexagonal Al 3 Pt 2 phase with nil solubility, an orthorhombic Al 3 Pt 5 phase with a solubility range of 1 to 2 at. %, an orthorhombic AlPt 2 phase having a solubility range of 1 to 2 at. %, and a cubic AlPt 3 with a solubility range of ~ 10 at. %.
In this document we describe a new phase for AlPt that indexes as rhombohedral similar to that of rhombohedral AlPd as presented by Matkovic and Schubert (Matkovic, 1977) . We emphasize that no equilibrium or metastable phases reported in the literature exhibit this same structure. Rhombohedral AlPt is formed by rapid, high-temperature combustion of sputter-deposited, high-purity Al/Pt nanolaminates. Self-propagating, high temperature synthesis is generally regarded as a nonequilibrium process.
II. EXPERIMENTAL PROCEDURES Thin film deposition:
Al/Pt multilayer coatings are first deposited by sputter deposition and then reacted to form AlPt. Multilayers consist of alternating films of high purity Al and Pt grown by Ar sputter deposition in a cryopumped, ultra-high vacuum chamber (base pressure = 8x10 -8
Torr; Unifilm, Co.). High purity Al (99.9995%) and Pt (99.95%) targets are used for growth with each presputtered for ~15 minutes prior to the start of multilayer deposition.
We use ultra-high purity Ar (99.995%) for all sputter processes.
Films are deposited onto clean Si(100) substrates having a 4000 Å thick thermal oxide (Silicon Sense, Inc.). The thermal oxide layer is chosen so to prevent reaction of metal with silicon during deposition and during high temperature combustion. Note, although substrates did not exceed 60 o C during deposition, transmission electron microscopy shows an 80 Å thick, amorphous Al x Pt y layer at each interface within the multilayer. This presumably occurs because of interdiffusion at the growth temperature, and mixing resulting from energetic beam bombardment. Sputter deposition is automated through sample/stage translation and rotation so to precisely control individual layer thickness and minimize transit time (~5 sec) between metal targets. Quartz crystal monitors are used to monitor film thickness with Angstrom level precision. Thickness calibrations are conducted immediately prior to deposition using a DEKTAK surface profilometer and checked by cross-section transmission electron microscopy.
All multilayers are designed to have equal parts Al and Pt. Individual layer thicknesses (from 100 -1000 Å) were adjusted to compensate for the different Al and Pt film densities. We use measured thin film densities determined by independent x-ray reflectivity measurements when designing multilayers. Multilayer films are deposited to total thicknesses ranging from 0.25 -2.4 µm with the thickness of individual Al and Pt layers fixed for a given multilayer. We have confirmed that as-deposited Al and Pt layers are high purity. Depth profiling Auger electron spectroscopy analysis of Au-capped Al layers shows < 0.5 at. % O in Al while similar analysis of Au-capped Pt layers indicates no impurities within the bulk of sputtered Pt.
X-ray Diffraction (XRD) Specimen Preparation:
Reacted film specimens are mounted on a small stub of amorphous epoxy within a deep-well, glass holder for XRD. Samples are pressed down to be level with the edge of the fixture in order to minimize effects of specimen displacement during analysis. To reduce background, care is taken to avoid exposure of the epoxy. AlPt films deposited on an oxidized Si substrate are of sufficient size to encompass the entire beam footprint over the 2θ range scanned.
XRD Data Collection:
A Siemens D500 θ−2θ powder diffractometer is used for data collection with samples maintained at room temperature. The data are collected over a scan range of 10-65 o 2θ at a step size of 0.04 o 2θ and a dwell-time of 20 sec. Additional peaks are observed at larger 2θ angles, however due to the large intensity of the Si (400) 
III. RESULTS AND DISCUSSION
Combustion synthesis and purity of reacted layers
As depicted in Figure 2 , self-propagating high-temperature reactions are used to transform high-purity, vapor deposited Al/Pt multilayers into AlPt. Self-propagating reactions have previously been used for combustion synthesis of many alloys and compounds including carbides, oxides, nitrides, borides and various intermetallics. ( Moore, 1995) A local reaction is triggered by an external stimulus (e.g., laser, electrical discharge, etc.) leading to the mixing of a volume of neighboring reactant layers. The combination of Al and Pt gives off heat thus raising the temperature in surrounding volumes of multilayer further promoting mixing in adjacent areas. A self-propagating process continues laterally through the entire nanometer-scale laminate until all reactant layers are consumed. (Barbee, 1996) A self-propagating, high temperature reaction is to be expected for this material pair based on the high heat of reaction, a large adiabatic reaction temperature, and the low melting point of Al. The Al -Pt system is characterized by large heats of formation as listed in Table 1 . For a 1:1 stoichiometry ∆H f is determined by experiment to be -100 kJ/mol of atoms at 25 Boer, 1988 ).
Fischer and Grubelich have reported a large adiabatic reaction temperature, T ad, equal to 2800 o C. (Fischer, 1998) Because thin AlPt films remain attached to nonenergetic oxidized Si substrates through synthesis, we expect reaction under non-adiabatic conditions and combustion temperatures substantially below T ad .
Films having different multilayer designs have been fabricated and tested to determine the rate of reaction. Figure 3 shows evidence of a self-propagating reaction ignited by an electronic match. This particular film is shown to react in plan view with a characteristic uniform steady-state propagation speed. Unreacted multilayer is recognized as a relatively bright layer with the alloy having a darker appearance due to a larger surface roughness. High-speed photography of films such as that shown in Figure 3 demonstrate velocities ranging from 20 -90 m/s depending on multilayer design. Consistent with previous work by Barbee and Weihs (Barbee, 1996) , the velocity is found to increase with decreasing bilayer thickness for a range of multilayer designs. This has been explained to occur because the relevant diffusion lengths are reduced when constructing multilayers of small bilayer thickness. Considered a mass transport limited process, films react with higher speed as the reactants are positioned in closer proximity. Figure 4 summarizes speeds measured from films of different bilayer and total thickness. Structural analysis of reacted foils Figure 6 displays the powder diffraction pattern obtained for AlPt formed by selfpropagating high temperature synthesis along with a simulated pattern of the rhombohedral AlPd taken from Matkovic and Schubert (Matkovic, 1977) . As one can see, the AlPt pattern is very similar to the AlPd, with only minor variations in peak position and intensity. X-ray powder diffraction data for rhombohedral AlPt are given in Table 2 . To generate a powder diffraction file (PDF) entry ( 
, and (003)+ peaks. It is easy to explain these deviations because the (321) and (042) peaks have very low intensity and (003)+ overlaps the (621) reflection but could not be refined as two independent profiles. Although inadequate profile-fitting could be the culprit for such deviations, it is also possible that strain plays a major role in the 2θ deviations observed. What clearly stood out from the refinement process was that removal of the (131) Rietveld crystal structure refinement for rhombohedral AlPt is carried out using GSAS. (Larson, 2000) Initial unit cell parameters are obtained from the lattice parameter refinement.
Conditions for the refinement are listed in Table 3 . A total of 22 parameters including 15 structural parameters are refined. The atomic scattering factors for Al and Pt are taken from the International Table for X-ray Crystallography IV (1974) . Figure 7 shows the quality of fit for the refinement when the (131) peak is present and absent.
There is a dramatic reduction in the pattern residual error, R p , value from 26.5% to 17.7% when the (131) reflection is removed from the refinement. As discussed earlier for the lattice parameter refinement, it is not clear why this discrepancy occurs for the (131) reflection, but like the powder diffraction data, the structure refinement benefits from the removal of this hkl. Also note in Table 3 that there is an apparent out-of-plane preferred orientation for the (00l) as noted by the March-Dollase preferred orientation parameter with that refined to 0.78(1). This value indicates a modest preference for the c-axis to orient out-of-plane. This type of orientation is not unexpected for a rhombohedral/hexagonal system, and the texture is not severe as to limit observation of major reflections. Crystal data for both the least-squares refinement and the Rietveld refinement are shown in Table 4 lengths. It was found that when the Al atoms were set and fixed to the reported fractional coordinates reported for AlPd and only the heavier Pt atoms were allowed to refine, the structure refinement was stable with reasonable bond lengths being generated. Attempts were made to refine the site occupancies for the Al and Pt atoms. All the sites refined to within 5% of full occupancy and therefore were fixed for the final refinement and reported as fully occupied. To obtain a measure of the deviation away from refined site positions, an overall atomic displacement parameter, Biso, was refined as reported in Table 3 . This value tended to be elevated. The lack of an infinitely thick specimen is likely to be the source of this deviation. For an incident beam angle of 15 o 2θ and an AlPt film thickness of 1 µm, roughly 97% of the intensity would come from the film with the balance penetrating into the substrate. This value is reduced to 65% for 65 o 2θ. The net result is that the overall temperature parameter can become elevated as it attempts to compensate for this intensity variability. This intensity deviation should be kept in mind when considering the relative intensities of the reported hkl's listed in table 2.
Specifically, peaks at higher 2θ values will have reduced relative intensities as compared to infinitely thick specimens. Because this sample could not be produced as a bulk powder, it was not possible to collect optimum diffraction data. Clearly the beam penetrates through the film and into the Si substrate because the Si (400) peak was observed in the diffraction data. There also is an additional artifact in the data confirming the beam penetration. If one looks closely, one can observe a λ/2 peak for the Si (400) at ~33 o 2θ. This small artifact is typical and does not significantly affect the outcome of the refinement results. The cell volume reported for AlPd was 1115 Å
3
. This is essentially the same unit cell volume obtained for AlPt as shown in Table 4 . There is a small difference in lattice parameters observed for the two isostructural compounds. The AlPd structure reported lattice parameters of a = 15.659 Å and c = 5.251 Å. These are similar to the refined values reported in Table 4 for AlPt (a = 15.576 Å and c = 5.306 Å). This shows a -0.083 Å shrinkage of the a axis and +0.055 Å expansion of the c axis for AlPt as compared to the AlPd cell.
IV. SUMMARY
With regard to the combustion synthesis of Al/Pt multilayer thin films we find the following:
1. Multilayer Al/Pt thin films exhibit high-temperature, self-propagating reactions when chemically bonded to silicon dioxide substrates.
2. Reaction speeds vary from 20-90 m/s with multilayer design according to bilayer thickness and total thickness selected. V. 
